• Growth and survival was in general higher for hybrid aspen than for poplar.
Introduction
The Nordic countries have adopted a target of becoming carbon-neutral in year 2050 (Nordiska Ministerrådet 2009 ). High-productive forest systems and energy crops pose a potential for expanding the energy supply from both forest and agricultural land. Large areas of productive agriculture land may be used for growing biomass for biofuel in Scandinavia. The area has been estimated from 300 000 to 500 000 ha in each of Sweden and Denmark ). In addition, there is fertile forest land that may be suitable for biomass production as well.
Using clones of fast growing poplars has been proposed in contexts of both forestry and agriculture (Christersson 2010; Tullus et al. 2012; Rytter and Stener 2014) . In Scandinavia, the Eurasian aspen (Populus tremula L.) is the only indigenous poplar species. The attention has mainly focused on introduced species like hybrid aspen (Populus tremula L. × P. tremuloides Michx.) in the Populus section Populus and the Balsam poplars in the Populus section Tacamahaca (P. trichocarpa Torr. & A. Gray, P. balsamifera L. and P. maximowiczii A. Henry). When "species" is used further on, it refers to hybrid aspen and other poplars, respectively.
Poplar plantations in general have been shown to be one of the most efficient transformers of solar radiation energy to chemical energy in the form of wood (Christersson et al. 1987; Christersson 2006 Christersson , 2010 Rytter et al. 2011) . In hybrid aspen and poplars, a mean annual increment (MAI) of up to 25 m 3 of stem wood ha -1 and year -1 during a rotation of around 25 years, appears to be realistic on fertile sites in southern Sweden when using the best available selected clonal material (Rytter and Stener 2014; Stener 2010) . This corresponds to a dry weight of stem biomass of 8.2 tons of dry matter (DM) ha -1 , yr -1 and to about 10 tons DM ha -1 , yr -1 if branch biomass is included. Similar production levels have been reported by Nielsen et al. (2014) at two Danish sites but already after only 13 years, i.e. far earlier than the expected optimal rotation age.
The increasing interest in poplars in large parts of Scandinavia is due, not only to the high production potential, but also because at least hybrid aspen constitutes an alternative to reforestation with Norway spruce (Picea abies (L.) Karst.) on fertile sites (Fahlvik et al. 2009 ). Using several species in forestry could be a way to spread the economic risks while facing an uncertain future. Because of increasing poplar plantations , there is an increasing demand for robust regeneration material, where issues like vitality, climatic adaptation and resistance to pathogens are important to consider, in addition to yield.
The Populus material of interest for utilization in Scandinavia mainly originates from North America and is adapted to climatic and photoperiodic conditions differing from that in Scandinavia. Due to an expected maladaptation, the need of genetic tests in the deployment area prior to commercial utilization is important. Large clonal variation in yield in combination with possible interactions between clone and site environment emphasize the importance of field trials at different site conditions for optimal selection of clones to be used commercially (Stener and Karlsson 2004) .
The commercial material of hybrid aspen and poplar available for regeneration in Sweden and Denmark is scarce and has a narrow genetic base. Today only 15 clones of hybrid aspen and 16 clones of Balsam poplar have been selected and tested for commercial use in southern Sweden and there is no such material available at all in central and northern Sweden. In Denmark, only one hybrid poplar clone is used, OP42 (P. maximowiczii × P. trichocarpa), which is also the most commonly planted poplar clone in Sweden. Thus, there is a need to broaden the base of tested and selected material of poplars for use in Scandinavia, if fast growing poplars are intended to be a sustainable high-productive forest system.
There are many new candidate clones that, after being tested, may be of commercial interest. The Swedish University of Agricultural Sciences (SLU/SUAS) has presented promising early results from field tests with P. tricocharpa originating from northern USA and Canada (Christers-son 2010) . There are also Finnish hybrid aspen clones, selected on their performance in Finnish clonal tests (Yu 2001; Heräjärvi and Junkkonen 2006) , that are available but not tested in Sweden. For utilization in southern Sweden and Denmark hybrid aspen clones from Germany and selected poplar clones used in central Europe may have a great potential.
Growers of poplars are often advised to use fertile mineral soils for poplar plantations (Dickmann and Kuzovkina 2008). However, the knowledge of the growth potential on forest land in relation to agricultural land is poor. Comparisons between species are often unreliable as trials of poplars and hybrid aspen, with very few exceptions, are established on separate sites. Furthermore, we need more knowledge on how the species perform on a latitudinal cline from south to north.
The main objectives with this study on hybrid aspen and poplar are to:
• estimate phenotypic variation in early survival, growth and shoot phenology • estimate genetic variation, genetic control and genotype by environment interactions for early survival, growth and shoot phenology • give recommendations of deployment areas in Sweden.
Material and methods

Material
General
In total 13 field trials with hybrid aspen and poplar clones were established in the years 2010 to 2012 from Denmark in the south up to northern Sweden (Table 1, Fig. 1 ). Six trials were planted in southern Sweden (SWE_A1-3, SWE_F1-3) in 2010, four sites in northern Sweden (SWE_A4-5, SWE_F4-5) in 2011 and the 3 sites in Denmark (DEN_A1, DEN_F1-2) in 2012. The trial sites covered approximately six climate regions as defined by degree-days and photoperiod (latitude). The geographic distance for one pair of trials (Swe_A2 and Swe_F2) was not optimal due to prob- Table 1 . Description of the trial sites within each country. The trial Id consists of country where Den = Denmark and Swe = Sweden, site type where F = Forest land and A = Agricultural land and parallel trial series number within country. TS = degree days based on daily mean temperatures >5 °C (Perttu and Moren 1995) and pH = soil acidity. (Table 1) for the pair, still indicate similar degree-days levels and temperature conditions. The two trials within each region were considered as parallel trials, with one site located on forest land and the other on agricultural land. The only exception was the Danish climate region with two sites on forest land and one on agricultural site. In each parallel trial the same clonal material was tested. Overall, 109 clones of hybrid aspen and 117 clones of poplar were tested. All clones were grouped into 15 groups mainly depending on where they had been selected (Table 2) . Unfortunately, the information of origin and pedigree is insufficient. Many of the clones were in common among the different sites as shown in Table 3 . The hybrid aspen groups "Swe_S_Com", "Swe_S_New" and "Finl" together with the poplars "Swe_S_Com" were planted at all sites.
Propagation
The hybrid aspen material was propagated in years 2009, 2010 and 2011 for the sites in southern Sweden, northern Sweden and Denmark, respectively. All plants were planted as one-year old container plants but different methods were used for the propagation. The Swedish material to the six southern Swedish and the three Danish sites were propagated as herbaceous root sprout cuttings at the Skogforsk research station at Ekebo (55°57´N, 13°07´E, 80 m a.s.l.). The Finnish, Latvian and German material were all micro-propagated at the Finnish Forest Research Institute (60°17´N, 
Sites
The forest sites were selected for high fertility and favorable climatic conditions, where obvious frost prone sites were avoided. The agricultural sites had been set aside from farming and were as such not the most fertile agricultural land for that region. Thus, the selection of sites was according to silvicultural practice for establishment of hybrid aspen and poplars. The agricultural sites were all treated with glyphosate herbicide (Roundup) at one or two occasions before planting to reduce the impact of competing weeds. In Denmark, an additional ploughing and harrowing was carried out. The forest land sites in Sweden were prepared by inverted soil scarification the year before planting by an excavator. In Denmark, a forest disc plough was used.
Trial design
All trials were planted in a randomized block and single tree plot design with 6 blocks at all sites except in the four northern and in the Danish sites, where 8-10 blocks were used. In Swe_F4 and Swe_A4 part of the poplar material was missing, which reduced the number of blocks for the poplars to only 3. Each block was divided into two sub plots, each including clones for either hybrid aspen or poplars. The sub-plot design was used to avoid species competition, as it was expected that the poplar would outgrow the hybrid aspen. The number of plants per clone in each block was mainly one or two and the plant spacing was 3×3 m at all sites. All trials were fenced to avoid damage by roe-deer or moose. The trials in northern Sweden (Swe_F4, Swe_F5 Swe_A5, and especially Swe_A4) were all partly damaged by voles the first summer until mechanical plant protection were in place. Also, damages by hares were evident but were not as severe as the vole damages.
Methods
Assessments
Individual plant assessments were performed after three (all Danish trials) and four years (all Swedish trials) of growth (Table 4) . At the four southern Swedish sites height was also assessed after the first growing season. Phenology was assessed in spring and in autumn during the fourth year at four Swedish sites. Spring phenology was assessed as bud flushing in the living crown and autumn phenology was assessed as coloration or shedding of leaves. To improve the differentiation in autumn phenology among clones and species, scoring was performed at two or three occasions in the two southern trials.
Soil samples were taken in the center of each block at a depth of 30 cm below the humus layer after three years of growth at all Swedish locations. A pH value, using distilled water, was measured for each sample according to Karltun (1996) , from which a mean for each site was estimated.
Genetic analysis
The genetical-statistical analysis was based on individual tree observations for each species (hybrid aspen and poplars) separately according to model:
where y ijk = observation k, in block i for clone j, μ = trial mean, b i = fixed effect of block i, c j = random effect of clone j with NID(0,σ c 2 ) and e ijk = random error term for observation ijk, NID(0,σ e 2 ). To investigate the effect of country where the material had been selected, an additional fixed variable d l = country was included in Eq. 1. Survival was the only trait where data deviated from normal distributions and were transformed to normal scores prior to analysis according to Gianola and Norton (1981) . However, since the effect on the result was very marginal, the original untransformed values were kept.
The variances σ c 2 and σ e 2 were estimated for different traits according to the REML (Restricted Maximum Likelihood) method, as performed in ASREML software (Gilmour et al. 1999) . Genetic parameters for clones were interpreted as σ G 2 = σ c 2 and σ E 2 = σ e 2 , where σ G 2 = the genotypic variance among clones and σ E 2 = environmental variance. The individual-tree broad-sense heritabilities (H 2 ) were calculated as
where phenotypic variance (σ 2 P ) was σ 2 G + σ 2 E The genotypic (CV G ) coefficients of variation were calculated as
where x is the phenotypic mean.
Genetic correlations
Interactions between genotype and environment (GxE) was analysed as genetic site x site correlations, here denoted as r GE , between the same trait measured on two sites, using the following , . The variance-covariance matrix is assumed to be
Var c e G I 0
where G is the matrix with the clonal variances and covariances, R is the matrix with the residual variances and covariances and I is an identity matrix. When traits are measured on different sites, R is reduced to a diagonal matrix including the residual variances only. Finally, ⊗ symbolises the direct product. The genotypic (r G ) correlations between traits within sites were estimated as
where σ G1G2 is the genotypic covariance between two traits, respectively. The genetic site x site correlations (r GE ) were evaluated in pairs of trials in the same way as r G . Standard errors of the parameter estimates (H 2 , r G , r GE ) were calculated by first-order Taylor series approximations by the ASREML software.
Phenotypic analysis
An additional statistical analysis, based upon subplot means, was performed by Proc Glm (SAS Institute Inc. 2011) where hybrid aspen and poplars as well as the different material groups within each species were compared. The following model was used:
where y ij = observation ij, μ = mean value, b i = fixed effect of block i, p j = group or species j, e ij = random error term for observation ij, NID(0,σ e 2 ). For test of significance (p < 0.05) the Tukey studentized range test was used (SAS Institute Inc. 2011).
For test of significant differences between parallel sites, i.e. between forest land and agricultural land individual values with the following model was used:
where y ijk = observation ijk, μ = mean value, s i = fixed effect of site i, b j = fixed effect of block j, e ijk = random error term for observation ijk, NID(0,σ e 2 ).
Results
Phenotypic evaluation of survival, growth and phenology
The survival rates among the sites, based on the mean for all clones included in each trial, varied for hybrid aspen and poplar between 50-95% and 0-89%, respectively (Table 5 ). The poplars showed generally lower survival than hybrid aspen, with significantly lower (p < 0.05) survival on 8 of the 13 sites. The survival of poplar was extremely poor at one southern site (11% in Swe_F1) and at all four northern sites (<39%). The mean height growth after three (Danish sites) and four years (Swedish sites) varied between 163 to 517 cm for hybrid aspen and between 38 to 447 cm for poplars (Table 5 ). The highest growth for hybrid aspen was found in Swe_A2 and Den_F1 and for poplar in Swe_A2, where the average growth was more than one meter per year. Growth performance was higher (p < 0.05) for hybrid aspen at nine of the twelve sites and with a similar tendency on the remaining three sites. Mean height growth for hybrid aspen at the northernmost site (Swe_F5) was similar to several sites in southern Sweden, while for poplar, growth was generally quite poor in the north.
Hybrid aspen flushed earlier (p < 0.05) than poplar at the two southern sites, whereas no difference was evident at the northern sites (Table 5 ). It shall be notified that flushing in Swe_A1 was assessed eleven days later for poplar as for hybrid aspen (Table 4) . For autumn coloration, no clear pattern was evident.
For comparison of the performance of hybrid aspen and poplar at parallel sites (Table 6) , only clones considered relevant were included. Thus, on the southern sites all hybrid aspen and poplars clones from the "Swe_S_Com" groups were included. For the northern sites, all hybrid aspen clones from the "Swe_N" group were included, while the 16 most northerly poplar clones in Swe_N were used (Table 2) . Survival for hybrid aspen differed at 5 of the 7 parallel trials (p < 0.05), where survival was higher at two agricultural sites and higher at three forest sites. Hybrid aspen had higher growth at four agricultural sites and at two forest sites (p < 0.05). For poplars, growth was higher on agricultural land at all four sites where a relevant comparison was possible, while survival differed (higher/lower) at two sites (p < 0.05). Table 5 . Average survival (%), height (cm), flushing score (1-6) and autumn coloration (%) of hybrid aspen (Hasp) and poplar (Popp) in different trials. The significance probability value associated with species is given by "Pr > F" for each trait and site. The results of survival and height growth for the different groups are summarized per species in Table 7 . For hybrid aspen, the German group showed high growth performance in the five southernmost trials (Table 7b) , while survival was the poorest (75-78%, Table 7a ) for the two most northern of these sites. Survival of the Finnish material (Finl) was generally not different from the other groups in southern Sweden but were among the best in northern Sweden. Height growth for "Finl" was lower than average at four out of the six sites in southern Sweden, while growth did not differ from other groups in the northern sites. The southern Swedish hybrid aspen groups (Swe_S_Com, Swe_S_New) had in general poor survival in the northern sites, but for height growth, at least Swe_S_Com belonged to the best growing groups. For poplar in the southern sites, survival was poor for the Italian group, except in trial Den_F2 (Table 7a ). Poor survival (47%) was also found for the commercial clones (Swe_S_Com) at the southern site Swe_A2. For height growth, there was no significant differences at any of the southern sites, if the Italian group was excluded. In the northern sites, survival was generally poor for all groups but the Icelandic (Icel) group belonged to the better ones, both for survival and growth.
Genotypic evaluation
The heritability (H 2 ) estimates for survival were in general low for hybrid aspen and intermediate for poplars (Table 8) . Trial Swe_A2, Swe_A5 and Swe_F5 differed from the general hybrid aspen pattern by higher survival estimates (H 2 > 0.15), whereas for poplars all trials had H 2 > 0.15 except from the most southern ones (Danish and Swe_F1). The heritability for height growth was in general intermediate for both hybrid aspen and poplars. The estimated coefficients of variation were at a similar level for both hybrid aspen and poplars.
The H 2 estimates for the phenology traits in southern Sweden were generally high for both hybrid aspen and poplars, while H 2 was lower at the northern sites. Autumn phenology was scored at one to three occasions per trait in the two southern sites and only once in the two northern sites, but only estimates from the date with the highest H 2 are presented for each site in Tables 8 to 10 .
The genetic correlations (r G ) between growth and phenology traits within sites were mainly intermediate and significant for hybrid aspen while poor and not significant for poplar (Table 9) . For growth x flushing, the r G estimates were all positive while growth x coloration was negative, i.e. early flushing and late coloration were correlated with good height performance. Table 6 . Comparison of survival and growth within parallel trials, i.e. between agricultural land (Agri) and forest land (Forest) for sites within similar climatic conditions. Only clones belonging to the groups "Swe_S_Com" are included in the Danish and the southern Swedish sites, while the northern sites include all hybrid aspen clones from the "Swe_N" group and the 16 most northerly poplar clones in "Swe_N". The statistical significance between each of the two compared sites is given by "Pr > F". Table 7a . Average survival of different groups of hybrid aspen and poplar in different trials. The statistical significance of differences between the groups is given by Pr > F. Table 7b . Average height (cm) of different groups of hybrid aspen and poplar in different trials. The statistical significance of differences between the groups is given by Pr > F. Table 8 . Summary of means, broad sense heritabilities (H 2 ) and genotypic coefficients of variation (CV G ) for survival, height, flushing and coloration per site and species. "N_Obs" = Total number of observations, "N_Clone" = Number of clones, "SE" = Standard error of heritability. The genetic age-age correlations (r G ) between tree height at age 1 and 4 at the four southern Swedish sites were for hybrid aspen strong and above 0.7 at three of the sites, whereas for poplar no clear pattern was evident (data not presented).
Trial id
The estimation of genetic correlations (r GE ) between sites (Table 10) were in general based on clonal material in common. However, when present, Belgian and Italian poplar clones were excluded to create a more homogenous material. The evaluation of genetic correlations for the Danish sites could not be carried out due to the low number of clones. It shall be noted that the Table 10 refers to none-estimable correlations, mainly due to low H 2 estimates for one or both sites or few clones in common between the two sites. Furthermore, there are two r GE estimates of 1.00 where the standard errors are missing and they refer to evaluations where the genetic-statistical model (Eq. 4) did not converge. For hybrid aspen, the significant r GE estimates for height growth and survival were all positive and varied between 0.62-0.98 and 0.47-0.85, respectively. For poplar, the only two significant r GE estimates for height growth were contrasting; -0.86 and 0.82, while the r GE estimates for survival were all positive and those being significant varied between 0.69-0.99. Between southern and northern sites the r GE estimates for survival and growth were mostly non-significant (data not presented), except for hybrid aspen at site Swe_A5 where the genetic correlation with the southern sites were positive and varied between 0.53 and 0.78. The phenology traits had strong r GE values (>0.82) except for poplars in the northern trial (data not presented).
Discussion
Phenotypic data -survival, growth, phenology
Overall, hybrid aspen showed a higher survival rate and a higher growth performance than poplar on the studied sites. Survival was extremely poor for poplars at all four northern sites (<39%). Exclusion of less relevant material groups in different climatic regions, did not change this general result (Table 5, 6 ).
Competition from herbaceous species is a major concern when establishing broad-leaved species, especially on agricultural land (Czapowskyj and Safford 1993) . Besides increasing competition for light, water and nutrients, vegetation can also cause mechanical damage to the plants. Furthermore, competing vegetation provides a favorable environment for voles which can cause severe damage in young plantations (Hytönen and Jylhä 2008) . Vole damages and to some extent damages caused by hares were an important factor at the northern sites, especially at Swe_A4, where vegetation was substantial, despite herbicide treatment the year prior to planting. Vole damages could explain the poor result in survival at the northern sites. However, there were no clear differences in vole damage between poplar and hybrid aspen.
Soil pH can impact growth as it may influence the availability of the nutrients. In this study, the soil pH obtained from the Swedish trials, varied between 4.9 to 7.9 on agricultural land and between 4.2 to 7.8 on forest land (Table 1 ). The lowest pH-value (4.2) in the study was found in Swe_F1, where the survival of poplar in comparison with the other southern sites was extremely low (11%). This site was well prepared before planting by inverted soil scarification and there was only minor damage by hare and vole, so the most likely explanation to the low survival, is the soil acidity. Low soil pH (4.4) is most likely also an important reason for poor survival at site Swe_F5, in addition to a location in an area with an overall harsh climate. The soil acidity for these two sites did not seem to have any obvious impact on hybrid aspen, at least not so far, since survival and growth performance was similar to the other neighboring sites on forest land. Hjelm and Rytter (2016) showed that soil acidity had a significant effect on the development of poplar plants. Thus, height and biomass increased with increasing pH. An impact of soil pH was also shown by Eriksson and Lindsjö (1981) , where root and shoot growth for poplars and Salix was restrained for pH values 3.8-4.3. A pH value above 5.0 seemed to result in acceptable growth, which is also in consistence to site recommendations for poplars in Canada (Boysen and Strobl 1991). The high pH-value on the forest site, Swe_F3, indicates a different land utilisation previous that of the Norway spruce stand, which was clear-cut prior the establishment of the trial.
Another reason for high mortality is poor climatic adaptation. Adaptability is a complex trait that refers to general vitality, frost tolerance, cold hardiness, resistance to pathogens and robustness over a wide range of environments. Climatic adaptation is emphasized at northern latitudes and especially for introduced species such as poplars, most likely not fully adapted to the present climate. The identification of varieties with a relevant timing of budburst and growth cessation is crucial for a high growth performance in the boreal regions (Hannerz 1998 ) and will probably be more important in respect of the climate change (Brázdil et al. 2010; Jönsson and Bärring 2011) .
Assessments of survival in late autumn of the first growing season in all southern Swedish sites (data not presented), showed a high survival (88-100%) for both species. After that, survival was significantly reduced as demonstrated in Swe_A2 and Swe_A3. Survival for both hybrid aspen and poplar decreased here from 100% year 1, to 96% and 80% for hybrid aspen and to 55% and 79% for poplars, respectively, in year 2. Thereafter, survival rates were stable (Table 5 ). Thus, it seems that the winter between the first and second growing season had large impact on survival, indicating that it is related to climatic adaptation.
Climate conditions are quite varying for the trials in the study since they are located from latitude 55.8° to 64.8°, still no clear trend from south to north for growth nor survival was found for the material groups in common for all sites. The commercial material of hybrid aspen and poplar is currently recommended to be used on mild locations in southern Sweden up to latitude 60°. This recommendation is supported by the result from this study. The results also support a use of these hybrid aspen and poplar clones in Denmark.
Currently, no explanation exists for the low survival of the commercial poplar group (Swe_S_Com) at site Swe_A2 (Table 7a ). Only specific clones (8 out of 16) showed low survival and only at this site. Thus, at more southerly and northerly sites these clones showed high survival. No relation was evident between survival and phenology and the plant material was treated and randomized in the same way as for all other materials and sites.
Finnish hybrid aspen is currently recommended for use at mild sites in northern Sweden based on field tests and selections performed in Finland. The results in this study support this recommendation, at least for latitudes 60° to 65°, since survival was among the best and growth was not significantly different from the more northerly Swedish material groups. Finnish hybrid aspen material is currently also used in southern Sweden, which seems to be a less optimal choice (Table 7b ). German hybrid aspen material and Italian poplar, may provide alternatives in Denmark and the very southern part of Sweden but it is too early to make any final recommendations (Table 7a, b) .
It is also too early to make any recommendations for utilization of poplars in northern Sweden, but specific clones within the materials from northern Sweden, Norway and Iceland are so far, the most promising ones. However, based on this study, it is obvious that poplars selected for use in southern Sweden are not a suitable choice for northern Sweden (Table 7a) .
When agricultural and forest land were compared within the same climate region, the growth performance was in general higher on agricultural land than on forest land (Table 6 ). The result is reasonable as the site fertility is higher on agricultural land. However, this is not always the case, as is shown for hybrid aspen at the forest site Swe_F5, located in a south-facing slope, compared to the nearby but more frost prone agricultural site at Swe_A5. Frost related damages are probably the main reason for the diverging result. As large areas of productive agriculture land may be considered for growing biomass for biofuel in Scandinavia, potential frost prone sites must be avoided, if possible.
The Den_F1 site had a superior growth for hybrid aspen, a growth performance as high as Swe_A2. The soil type is marine sand-clay (GEUS 2016) which together with the very low elevation indicate a good water supply. The forest soil is, however, expected to be acidic, which seems to have reduced the growth of poplar considerably.
It is surprising that growth of the hybrid aspen recommended in southern Sweden (Swe_S_ Com, Swe_S_New) is quite high and not statistically different from the best material groups at the most northern site, Swe_F5, Degerbyn (Table 7b ). This is also the case for survival, at least for Swe_S_Com (Table 7a) , and indicates that hybrid aspen is not very sensitive to northern latitude transfer, if the local plantation site is favorable.
It shall be noted that the Finnish, Latvian and German hybrid aspen clones were not propagated in the same nursery as the Swedish material. Differences in cultivation may have influenced the establishment and growth of the plants in the trials. Most likely this effect is rather small since the plant material seemed to be quite homogenous at the time of planting, except for the Italian poplar clones which in the Swedish sites were planted in active growing conditions. Therefore, the results for the Italian clones are more unreliable at the Swedish sites but not at the Danish sites.
The groups include quite an inhomogeneous clonal material, especially for poplars, which complicates comparisons of the phenology traits for the two species. Thus, flushing and coloration showed significant group effects in southern as well as in northern trials (not presented). This may explain that no clear difference in autumn coloration was evident between the species. Still it is quite clear from the two southern trials (Table 5) , that hybrid aspen initiates growth earlier than poplars. The late developmental stage at which flushing was observed at the northern sites, indicated by the high average scores, may conceal an actual difference in timing of flushing between the species.
Genotypic data
Genetic control
For growth, the heritability (H 2 ) estimates generally showed intermediate genetic control for both species (Table 8 ). Poplars at the northern sites diverged from this result and this is likely due to the low survival, resulting in a statistically poor material as indicated by the standard errors for H 2 .
The reduction of H 2 by introducing country of selection in Eq. 1 was marginal for all traits and trials except for height at Swe_A1 and Swe_F2, where H 2 was reduced from 0.26 to 0.15 and from 0.38 to 0.27 respectively. The estimation of H 2 can be biased upwards when material of very different origins is included, but the influence of this effect on the main results in this study was considered to be of minor importance. This study confirms results from previous studies of intermediate to strong clonal control and large clonal variations. The H 2 estimates were in agreement with many other studies (Einspahr et al. 1963 (Einspahr et al. , 1967 Ilstedt 1996; Stener and Karlsson 2004) . The genetic variation among clones for growth (CV G , Table 8 ) was substantial and was of the same magnitude as for instance in Stener and Karlsson (2004) . The overall conclusion is that genetic variation together with genetic control is of such magnitude that there are good possibilities for an effective clonal selection.
Previous studies on hybrid aspen in southern Sweden have found a weak genetic control for survival (Stener and Karlsson 2004) , which is supported by our results (Table 8 ). This indicates that survival, at least based on the material tested so far, is not a key trait for clonal selection and further breeding in Denmark and the southern parts of Sweden. It is the opposite way in northern Sweden, where climatic conditions are harsher. Survival is for instance an essential breeding trait for Norway spruce, Scots pine and Silver birch in these regions (Rosvall et al. 2001 ), which also is suggested from our results at the most northern sites Swe_A5 and Swe_F5 (Table 8 ). The intermediate to strong genetic control for survival of poplar on most of the sites is quite logic since poplars are an entirely introduced species adapted to conditions differing from those in Scandinavia. There were some exceptions though. In Swe_F1, where survival for poplars was 11% probably due to the low pH, H 2 was close to 0, i.e. all clones died regardless of clonal origin. Poor genetic control for survival was also found in the Danish sites, but this was likely influenced by the rather few number of clones tested, as indicated by the standard errors for H 2 .
For phenology, the results showed a pronounced clonal effect for growth initiation and termination (Table 8) . Some studies have shown phenology traits to be normally highly heritable (e.g. Hannerz 1998; Pliura et al. 2014) . Other studies have shown almost no clonal differences for flushing but large differences for budset (e.g. Howe et al. 2000) , but this cannot be confirmed in the present study. The weak genetic control for flushing in Swe_A5 and Swe_F5 can be explained by too late field registrations, reducing the resolution among clones.
Genetic correlations
The genetic correlation between growth and flushing for hybrid aspen (Table 9 ) suggest that clones with early flushing have better growth, whereas the correlation between growth and autumn coloration showed that clones with less coloration, i.e. terminating growth late, have better growth. For poplars, the correlations were all weak and not significant and no conclusions can be drawn. This result was probably due to low survival (in the north) and few tested clones (in the south). The correlations for hybrid aspen were intermediate and consistent for the southern and the northern sites. The results suggest that a long growing period to some extent results in increased growth.
Similar results were obtained by Pliura et al. (2014) , Yu (2001) and Ceulemans et al. (1992) . This implies that a selection based merely on growth will increase the risk of frost damage since a long growth period is linked with late growth cessation and to some extent with early flushing. On the other hand, if growth starts too late or stops too early the growing season will not be optimally used, reducing the growth potential. Thus, growth rhythm is an essential trait to consider at practical breeding and need to be even more emphasized in the future due to the consequences of the climate change (Langvall 2011) . The strong genetic control as well as the large genetic variation for the phenology traits is promising in this respect.
The results for genetic age-age correlations between tree height at age 1 and 4 suggest that the first year of growth is only little or even negatively related to the growth after 4 years for poplars. Similar result was for instance presented by Ilstedt (1996) . This is once more an indication of poor adaptation and indicates longer test periods for poplar than for hybrid aspen.
For growth, the genetic correlation (r GE ) for hybrid aspen among the southern sites and among the northern sites were all positive and mainly strong (Table 10 ). The results suggest that the growth performance of the clones is similar in different environments and that clonal rankings are quite stable across sites. For poplar, the r GE estimates were inconsistent and seldom statistically significant. The results for poplars are mainly due to a low number of tested clones in combination with a weak genetic correlation among the sites. The r GE for growth for hybrid aspen, between all the southern Swedish sites and the most northern site Swe_A5, varied from 0.53 to 0.78, and indicate an intermediate stability in clonal ranking and supports the discussion earlier, that hybrid aspen is not very sensitive to northern latitude transfer if the local plantation site is favorable.
The phenological traits were stable across environments as suggested by the strong r GE estimates. The results support previous findings (e.g. Hannerz 1998 ).
Other studies of genotype by environment (GxE) interactions for hybrid aspen and poplar in northern Europe are inconsistent in respect of genetic site interaction effects. In a study by Yu and Pulkkinen (2003) GxE for growth was evaluated for 25 clones planted at the age of 4 on two agricultural and two forest sites in Finland. The ranking of clones differed significantly between site types, indicating that GxE interactions were present. However, the correlation between the two agricultural sites was quite strong (0.62 for height and 0.72 for diameter). A strong GxE interaction was also found in a study of two hybrid poplar clonal tests in Lithuania (Pliura et al. 2014 ). On the other hand, only a weak GxE interaction for growth was found by Stener and Karlsson (2004) from four pairs of trials including up to 100 hybrid aspen clones on agricultural land in southern Sweden. Furthermore, in a Danish study of 36 poplar clones on two agricultural sites, no significant interactions were found (Nielsen et al. 2014) . The latter findings support our results and indicate that at least agricultural land in southern Sweden can be treated as a single test and utilization zone for hybrid aspen. This will simplify future hybrid aspen breeding programs, if growth is the main breeding objective in the deployment zone. Furthermore, northern Sweden, at least the coastal region up to latitude 65, can be treated as one utilization zone. However, here are no other studies to back up these findings, so further measurements of these trials and establishment of new additional trials are needed to verify the results which indeed is also needed for poplars in all of Sweden.
Clonal differences
In Table 7 we have demonstrated differences among different material groups. However, aiming at selection of well performing clones for commercial use, this result is not so relevant. We have concluded that there are generally intermediate to large clonal differences for all traits as indicated by the H 2 and CV G estimates in Table 8 , which indeed can be practically used. This is illustrated in Fig. 2 where the clonal values for height growth within each material group of hybrid aspen at site Swe_A1 are presented. It is quite clear that superior clones can be found within each of the material groups. From a multi-trait evaluation over sites it is possible to optimize the selection of the very best clones for future use. This will be carried out after approximately another 4 years of growth, i.e. when close to half of the rotation time has been reached and growth data is more reliable. Total of 39 references.
